The Andean church of San Andrés de Pachama is located in the highland of the northernmost of Chile, near the limit with Bolivia and next to the Ruta de la Plata. This commercial route contributed in the past to the transport and commerce of various raw materials, such as silver, from the Andean mountains region to the Pacific Ocean coast and then to the European market. The walls inside the church are decorated with paintings from the end of the eighteenth century that reproduce religious motivs together with flowers, fruits, and birds. In this study, micro samples taken from one of the mural paintings have been analysed to acquire information on the artistic materials and the painting technique previous to the restoration of the paintings. Analysis by micro-Raman spectroscopy complemented with scanning electron microscopy-energy dispersive X-ray spectroscopy, attenuated total reflection infrared spectroscopy, X-ray diffraction, and high-performance liquid chromatography with diode-array detection allowed the identification of orpiment, vermilion, indigo, smalt, antlerite, hematite, carmine lake, and wood charcoal as pigments as well as gypsum as the ground layer. Lipidic and proteinaceous materials extracted from the microsamples were identified by gas chromatography coupled to mass spectrometry and indicated the use of a mixture of egg and siccative oil as binders and a secco painting technique involving animal glue as the plaster primer. Smalt and the prized cochineal lake are reported for the first time in an Andean colonial mural painting.
Introduction
The village of Pachama is located at 3423 masl in the region of Arica-Parinacota in the northernmost of Chile and is one of various colonial towns founded along the Ruta de la Plata, a commercial route used since the sixteenth century for the transport of silver ore, commodities from Castilla and other goods from the Cerro Rico of Potosí to the Pacific Ocean [1, 2] . The church of San Andrés de Pachama (Fig. 1a) was built in the eighteenth century with adobe brick walls, made with earth, clay, and straw. At the end of this century the walls inside the church were decorated with paintings depicting the figures of various saints and the Virgin of the Rosary. Pachama has an iconographic program intended to christianize the earth fertility rituals. The representations of San Isidro, patron of the farmers, and San Cristóbal, protector of the fruit trees, appear crucial to understand the meaning of the mural paintings. Another antecedent is the abundance of vegetal ornamental elements, together with heads of pumas. These figures were related to the rituals of cattle and earth's fertility. Moreover, the Open Access *Correspondence: maier@qo.fcen.uba.ar 1 CONICET-Universidad de Buenos Aires, Unidad de Microanálisis y Métodos Físicos en Química Orgánica (UMYMFOR), Pabellón 2, Ciudad Universitaria, C1428EGA Ciudad Autónoma de Buenos Aires, Argentina Full list of author information is available at the end of the article presence of the images of San Andrés and the Virgin of the Rosary are also significant, since their festivities mark the beginning and the end of the sowing season or pachallampe. Finally, the proximity between the name of the locality and the word Pachamama or Mother Earth is a relevant aspect to be considered [3] .
According to its critical state of conservation due to the passage of time and use but also to earthquakes and the humidity caused by the "altiplanic winter", which causes rains between December and March, the mural paintings showed detachment of polychromy and plaster as well as warpings. The church was restored integrally with funds from the Regional Government, executed by Fundación Altiplano, between January 2016 and January 2017. The restoration proceedings were non-invasive and a lab was installed in situ. For the consolidation or re-adhesion of the polychromy and plasters, "mucilajo", a mixture of peeled and chopped Opuntia cactus in water (with addition of peeled garlic) was used. Only the unstable warpings were treated by injection of a mortar and brick powder, micro-spheres, sodium hexametaphosphate dissolved in water, and "mucilajo".
Before the restoration, non-invasive analyses performed in situ with a handheld XRF instrument allowed us to obtain preliminar information on the pigments and select the areas of extraction of micro samples of the mural paintings.
The results presented here are part of an ongoing interdisciplinary investigation on the chromatic palette and the technique of execution of relevant mural paintings in Andean churches along the Ruta de la Plata [3] [4] [5] . In the present study, micro samples from one of the mural paintings of the church of San Andrés de Pachama were analyzed by a combination of micro-Raman spectroscopy, scanning electron microscopy-energy dispersive spectroscopy (SEM-EDS), attenuated total reflection infrared spectroscopy (FTIR-ATR), X-ray diffraction (XRD), gas chromatography coupled to mass spectrometry (GC-MS), and high-performance liquid chromatography with diode-array detection (HPLC-DAD) in order to determine the chromatic palette and the painting technique. This new information contributes to improve our knowledge on colonial painting techniques used in the Andean region.
Experimental

Samples
Non-invasive measurements on the mural paintings were performed with a handheld XRF Bruker Tracer III-SD instrument in order to obtain preliminar information on the pigments and select the areas of extraction of microsamples for further laboratory analyses. XRF measurements privileged representative colors of the palette as well as those areas that did not affect the integrity of the painting. Based on this information, eight microsamples (Table 1) were collected with a scalpel from the painting of Saint Michael (Fig. 1b, c) and the flower decoration (Fig. 1d) of the mural. Fragments with an area less than 1 mm 2 were embedded into an acrylic transparent resin as described in [4] . The cross-sections (Fig. 2) were examined by optical microscopy to obtain information on the painting and preparation layers and subjected to SEM-EDS and micro-Raman spectroscopy. A model sample of gypsum was prepared as described previously [4] . Animal glue was applied as a thin layer on the gypsum and dried to constant weight. Then, whole egg was extended on the animal glue layer. After ageing at room temperature for 1 year, a sample was extracted with a spatula and the hydrolyzed proteinaceous fraction was analyzed by GC-MS for comparison purposes.
Instrumentation
Observation and photography of the cross sections of the samples were achieved using a Leica MZ6 stereomicroscope and a Leica DM750 microscope equipped with visible and ultraviolet light sources in the normal and polarized modes. Images were recorded with a Power shot 550 digital cammera.
The cross-sections were coated with platinum and subjected to SEM analyses by secondary electrons (SE) and backscattered electrons (BSE) as described in [4] .
Raman spectra of the surface of the samples were obtained with a Renishaw inVia Reflex microscope equipped with a Leica microscope. The resolution was set to 4 cm −1 and 1-5 scans of 10-50 s each were averaged for each spectrum. The 785 nm laser line was used and the power was set between 10 and 100 mW to avoid degradation of the sample. Data were collected, analyzed and plotted using the programs WIRE 3.4 and GRAMS 9.0. Raman spectra of the cross-sections were recorded with a DXR Raman microscope (Thermo Fisher Scientific) and a 50× objective. Data were collected using a laser of 780 nm with a 5 cm −1 spectral resolution and a laser power below 10 mW at the sample. A confocal aperture of 50-μm slit was used and 80 expositions of 2 s each were averaged.
HPLC-DAD analysis was performed on a Gilson 506C chromatograph as described in [6] . Sample PCH10 and a carmine lake standard (Carmine Naccarat 42100, Kremer) were hydrolysed in acidic methanol as reported previously [7] .
For XRD analysis, patterns were measured with a PANalytical Empyrean diffractometer with Cu Ka (1.54 Å) radiation in a Bragg-Brentano geometry. Diffraction patterns were collected from 7 to 60° 2θ with a step size of 0.02° and a recording time of 3 s per step. The small sample was put carefully on alum support and the signal from this support was corrected.
FTIR-ATR spectra of the surface of the collected samples were recorded using a Nicolet iS50 FTIR spectrometer with a diamond single-bounce ATR accessory (Thermo Electron Corp.) in the range of 4000-400 cm −1 . resolution.
Analytical methodologies to identify lipidic and proteinaceous binders
In order to detect the presence of organic binders, four painting samples (PCH02, PCH04, PCH05, and PCH08) and the model sample used as reference were extracted with ammonia 2.5 M and chloroform to separate the proteins (ammonia phase) from the neutral lipids (acylglycerides and sterols) in the chloroform phase. This procedure is a modification of the one reported in the literature [8] , in particular regarding the extraction of the lipid fraction. Fatty acids were derivatised as their methyl esters (FAME) [9] and analyzed by GC-MS, as described previously [4] . Trimethylsilyl sterol derivatives were prepared and analyzed by GC-MS as reported in [10] . Mass spectra for sterols were measured in the selected ion monitoring (SIM) mode with ions at m/z 129, 329, 368, and 458 for cholesterol. Amino acids were derivatised as reported previously [11] and analyzed by GC-MS in the electron impact positive mode (70 eV) using a Shimadzu GCMS-QP5050/ GC17A (Shimadzu Corporation, Kyoto, Japan) instrument with a ZB-5 (Phenomenex) capillary column (30 m length, 0.25 mm i.d.) coated with (5% phenyl)-dimethylpolysiloxane (film thickness 0.50 μm). Column temperature was increased from 60 to 260 °C at a rate of 25 °C min −1 with a 10 min hold at 260 °C. The GC inlet temperature was 250 °C (splitless injection) and the MS ion source temperature was 280 °C. Mass spectra were run in full scan mode and peak area data were used for quantitation. Amino acids were identified by analysis of mass spectral data and comparison of retention times with amino acid standard (Sigma-Aldrich Co.) derivatives prepared as described in [11] .
Results and discussion
Ground layer
Under optical microscopy, the cross-sections of the samples showed two well-differentiated layers attributed to the pictorial layer and a white preparation layer (Fig. 2) . The ground layer in the cross-sections of the eight microsamples was analyzed by SEM-EDS (Table 2) and revealed the presence of calcium and sulfur as the main components, as well as silicon. Calcium sulfate with different levels of hydration was detected by micro-Raman spectroscopy with characteristic bands at 418, 501, 611, 627, 676, 1017, 1111, 1130, and 1160 cm −1 (Fig. 3) . In particular, the stable phases of anhydrite (CaSO 4 ) (611 and 1160 cm ) were identified [12] . In addition, two major bands at 1309 and 1394 cm binders [13] [14] [15] . These results and the clear separation between the pictorial and the preparation layer point to a secco painting technique, which requires a binding medium to attach the pigments onto the wall [16] . The identification of calcium sulfate as the plaster in various mural paintings of colonial churches located on the Ruta de la Plata [4, 5] allows us to hypothesize that this may be a typical feature of the wall painting technique in Andean churches.
Pigments Blue
Two samples (PCH02 and PCH09) of different hues of blue (Table 1) were collected from the wall painting and analyzed by SEM-EDS and micro-Raman spectroscopy. SEM-EDS analysis of the surface of the dark blue sample (PCH02) indicated the presence of Ca, S, Si, and Al with minor amounts of Mg ( Table 2 ). The absence of copper and iron, discarded the presence of the mineral azurite (2CuCO 3 ·Cu(OH) 2 ) or synthetic Prussian blue (Fe 4 [Fe(CN) 6 ] 3 ) as pigments and suggested the use of the organic pigment indigo, in accordance with the Raman spectrum (Fig. 4) characteristic of anhydrite [12] , presumably from the ground layer. Although the detection of Si and Al in the blue layer may suggest the presence of clay as in the case of maya blue pigment, the bands assigned to indigo in the Raman spectrum do not indicate any bond between the blue dye and the clay [19, 21] . Indigo is a blue dye prepared from the fermentation in water of leaves of plants of the families Papilionaceae, Brassicaceae, and Polygonaceae [22] , which has been extensively used as a pigment and identified in various eighteenth century paintings from South America [4, 5, 23, 24] . Examination by optical microscopy of the cross section of sample PCH09 under polarized light (Fig. 5 ) revealed blue crystals in the pigment layer. Further analysis by SEM-EDS (Table 2 ) of this layer indicated silicon, potassium, and arsenic as the main elements together with cobalt. This elemental composition is characteristic of smalt, a blue glass due to the presence of Co 2+ ions, mostly in tetrahedral coordination, which may contain oxides of Ba, Ca, Na, Mg, Fe, Ni, Cu, and Mn as impurities [25] . The SEM backscatter electron (BSE) image (Fig. 5) revealed particles of different size and morphology, characteristic of smalt. The distribution maps of Si, Co, K, As, and S are in accordance with the presence of smalt particles in the pigment layer of the cross-section. The presence of aluminum and silicon may be ascribed to aluminosilicates while the distribution of calcium and sulfur matches the calcium sulfate layer. The Raman spectrum of the blue layer (not shown) only revealed a band at 1016 cm −1 due to anhydrite. This is not surprising because the smalt band at 472 cm −1 is often not observed in the Raman spectrum [26] . Smalt was produced in Europe by roasting cobalt minerals to obtain cobalt oxide, which was melted with quartz and potash and poured into cold water to obtain the pigment particles. It has not been produced in the Viceroyalty of Peru so it had to be imported from Europe [27] . As part of our investigations on the chromatic palette of colonial artworks, we have identified smalt in various Andean paintings from the seventeenth and eighteenth centuries [23] and in the Virgin's cloak of the gilded polychrome sculpture of Our Lady of Copacabana in Bolivia [6] . This is the first report of smalt in a wall painting of an Andean church.
Black
The Raman spectrum of the surface of sample PCH05 (Fig. 4) indicated a carbon-based pigment due to the presence of two broad bands at 1331 cm −1 (D band) and 1589 cm −1 (G band) characteristic of amorphous carbon [28] . SEM-EDS analysis of the surface of the sample indicated Ca, S, Si, and Fe as the main elements together with minor amounts of Al and K ( Table 2 ). The FTIR-ATR spectrum of the black pigment layer (not shown) was dominated by characteristic peaks of anhydrite at 1095, 1126, 1149, 672, 611, and 594 cm −1 [29] in accordance with a very weak band at 1017 cm −1 in the Raman spectrum (Fig. 4) . The absence of characteristic hydroxyapatite bands in the infrared spectrum (2012, 599 and 559 cm ) as well as phosphorous in the EDS microanalysis discarded the use of a bone black pigment [30] . These results and comparison with elemental analysis and spectroscopic data of reference samples of carbonbased pigments [28, 30] suggest the application of wood charcoal as the black paint. Recently, we have identified this pigment in a Jesuit sculpture of the eighteenth century [31] and in an Andean mural painting of the church of Copacabana de Andamarca [4] .
Yellow
SEM-EDS analysis of the yellow painting layer of sample PCH04 indicated the presence of S and As, with minor amounts of Ca, Si and K (Table 2 ). This elemental composition together with the yellow color of the sample suggested the presence of orpiment, a highly poisonous arsenic sulfide (As 2 S 3 ). Raman spectrum of the yellow layer on the cross-section (Fig. 6) showed characteristic bands of orpiment at 293, 311, and 355 cm −1 [32, 33] together with bands at 1008 and 1017 cm −1 ascribed to gypsum and anhydrite, respectively [12] . Even if orpiment is highly poisonous it was one of the most prized and employed pigments in the Andean colonial palette [34] . It was used as a yellow color or in mixtures with indigo and Prussian blue to obtain different shades of green [24, [34] [35] [36] [37] . Orpiment has been detected in most of the illustrations of the seventeenth century manuscript of the Getty Murúa's Historia General del Piru [38] . It is worth mentioning that orpiment has been recently found among the funerary objects of a female in an ancient burial site in Chorrillos in Chile [39] . This finding confirms the availability and use of the pigment in the Andean region since pre-Hispanic time.
Orange
The orange paint in PCH03 was composed by a mixture of orpiment and hematite, in accordance with the elemental composition determined by SEM-EDS (Fe, S, As) ( Table 2 ) and micro-Raman spectroscopy. The Raman spectrum (Fig. 6 ) of the orange layer showed typical bands of hematite (α-Fe 2 O 3 ) at 225, 295, 409, and 606 cm −1 [40] and a band at 356 cm −1 ascribed to orpiment (As 2 S 3 ) [33] . The broad hematite band at 295 cm , which are clearly observed in the Raman spectrum of the yellow pigment in PCH04 (Fig. 6 ). Further bands at 463 and 1017 cm −1 were assigned to quartz [41] and calcium sulfate, respectively. These results indicate the use of a mixture of hematite and orpiment to obtain the orange hue.
Red earths containing hematite have been identified as pigments in Andean paintings [4, 5, [35] [36] [37] and sculptures [7] . Recently, in our investigations on the polychrome of the sculpture of Our Lady of Copacabana in Bolivia we have reported the use of a red bole containing hematite in the gilding of the sculpture [6] . To our knowledge this is the first time that a mixture of hematite with orpiment is used as an orange paint in colonial art.
Green
A copper mineral was assigned as the green pigment in sample PCH07. SEM-EDS results indicated the presence of S, Cu, Ca, and Si ( Table 2 ). The Raman spectrum (Fig. 6 ) of the green layer revealed an intense band at 988 cm −1 together with bands at 416, 481, 600, and 1074 cm −1 characteristic of antlerite, a basic copper sulfate (Cu 3 SO 4 (OH) 4 ) found as a mineral in the Andean mountains in the north of Chile [42] [43] [44] .
The FTIR-ATR spectrum of the surface of sample PCH07 (Fig. 7) showed characteristic bands of antlerite at 418, 457, 517, 638, 751, 850, 879, 987, and 1150 cm −1 . In addition, weak bands of brochantite (Cu 4 (SO 4 )(OH) 6 ), a polymorph of antlerite, at 484 and 946 cm −1 were also observed [44] [45] [46] [47] . On the other hand, bands at 598, 610, 670, and 1081 cm −1 are shared by both basic copper sulfates. XRD analysis of the surface of sample PCH07 (Fig. 8) The SEM-BSE image of an area of the cross-section of sample PCH07 (Fig. 9) revealed particles of irregular size in the pigment layer. The distribution of Cu and S is attributed to the copper sulfate pigment while the distribution of Al and Si may be ascribed to the presence of aluminosilicates, which suggests the mineral origin of the green pigment. Recently, we have identified for the first time the use of antlerite and brochantite as green pigments in samples from a mural painting of an Andean church [4] . This new finding reinforces the use of available minerals in the Andean region as pigments in colonial art following a pre-Hispanic tradition [34, 48, 49] .
Red
Two samples extracted of areas of different shades of red color (PCH08 and PCH10) were analyzed by SEM-EDS (Table 2 ) and Raman microscopy with the aim to identify the red pigments of the mural painting palette. The Raman spectrum (Fig. 6 ) of the surface of sample PCH08 indicated characteristic bands of mercury sulfide (HgS) at 253, 284, and 343 cm −1 [32] . Vermilion is a synthetic pigment obtained by roasting a mixture of mercury and sulfide while the natural mineral is called cinnabar (α-HgS) [50] . The source of cinnabar in America were the Huancavelica mines in Peru, which were already exhausted in the eighteenth century, but other mines near Guamanga in Peru and in the Quindío Mountains in Colombia were also exploited [51] . Before the conquest, the Incas and natives from Peru used cinnabar for painting their faces and bodies, particularly in rituals and sacred ceremonies [34] , and there is evidence of the use of cinnabar in mortuary contexts in pre-Columbian times in this region [52, 53] . We have identified this pigment in several colonial paintings [35] [36] [37] and polychromated sculptures [41] . In general, analytical studies do not differentiate between cinnabar and vermilion [54] , however the presence of impurities that may occasionally be associated with the mineral, indicate a natural origin [55] . Elemental analysis carried out on a crystal of the red layer of the cross-section of PCH08 indicated the presence of Hg, S, and Si, suggesting a natural origin of the pigment in accordance with the availability of the mineral in the region.
The Raman spectrum (not shown) of the surface of sample PCH10 revealed a high fluorescence background and weak bands at 1110, 1245, 1310, 1495, and 1567 cm −1 , which suggested the use of carmine, a red lake pigment prepared from carminic acid, the main anthraquinone glucoside in the insect Dactylopius coccus Costa [6, 56] . Acid hydrolysis of the red microsample to obtain the dye and further analysis by C 18 HPLC-DAD indicated a peak at 14.25 min in the chromatogram (Fig. 10) whose UV spectrum showed bands at 275 and 495 nm, which matched those of the carminic acid reference and literature data [6] .
SEM-EDS analysis of the surface of sample PCH10 indicated the presence of Ca, S, Si, and Al, together with minor amounts of Na, K, Fe, P, Mg, and Cl ( Table 2 ). The identification of sulfur, aluminium, and potassium suggests the use of alum (KAl(SO 4 ) 2 ·12H 2 O) as the mordant applied in the preparation of the red lake. In European historical recipes, this salt was most commonly used as a reagent to form the substrate for the dyestuff [57] . On the other hand, elements such as P, S, K, Mg, and Cl detected in the cochineal insects have been identified in red lakes in paintings [57] . The presence of P, Mg, and Cl in sample PCH10 points to a contribution of the dyestuff raw material to the lake.
Cochineal has been used as a textile dye since preInca times and as a pigment and glaze in some colonial paintings from the seventeenth and eighteenth centuries [58] . Our finding adds new information on the use of the lake of carminic acid as a pigment in a colonial mural painting.
Organic binders and painting technique
Based on the observation of Raman bands attributed to degraded organic binders in various of the micro samples ( Fig. 3) and considering the hypothesis of a secco painting technique, we selected four samples (PCH02, PCH04, PCH05, and PCH08) of the mural painting and submitted them to extraction with ammonia, using a modification of the procedure reported in [8] and described in the Experimental section. After separation of the lipid fraction from the proteins, both fractions were derivatised and analyzed by GC-MS. Fatty acids obtained by saponification and further acidification were analyzed as their methyl esters (FAME) while sterols were derivatised as their trimethylsilyl derivatives (TMS). The chromatograms of the four samples showed a major presence of palmitic (C16:0) and stearic (C18:0) acids, together with minor amounts of myristic acid (C14:0) in samples PCH02 and PCH05, and oleic acid (C18:1) in samples PCH04 and PCH05. Samples PCH05 and PCH08 also showed azelaic (nonanedioic) acid, a degradation product of C-18 polyunsaturated fatty acids in siccative oils such as linseed oil. The ratio between the areas of the FAME of palmitic and stearic acids (P/S) is a parameter that gives information on the lipid source based on the stability of both saturated fatty acids [59] . Samples PCH02 and PCH05 showed P/S ratios of 1.2 while PCH04 and PCH08 gave ratios of 0.9 and 1.4, respectively. These values are close to those reported previously for a naturally aged model sample of linseed oil applied on gypsum (1.6) compared to a model sample of whole egg on gypsum (2.8) [4] . Moreover, the ratio of the areas of azelaic and palmitic acids (A/P) is a parameter that helps in the determination of a siccative oil due to the presence of reactive linoleic and linolenic acids in comparison to egg, which is rich in oleic acid [59] . Samples PCH05 and PCH08 showed A/P values of 0.1 and 0.2 close to that of a model sample of linseed oil on gypsum (0.1) [4] while azelaic acid was absent in samples PCH02 and PCH04. Three of the samples (PCH02, PCH05, and PCH08) showed the presence of cholesterol, which indicates the use of egg as a binder. The identification of a mixture of egg and a siccative oil in samples PCH05 and PCH08 points to a tempera grassa [16] .
Protein identification in samples PCH02, PCH04, and PCH08 was not possible due to the presence of only traces of a few amino acids. On the contrary, sample PCH05 showed an amino acid composition very close to that of the mock up of whole egg and animal glue on (Table 3 ). The use of animal glue was inferred from the high proportion of glycine (Gly) and the presence of hydroxyproline (Hyp) (a marker of animal glue, which is absent in egg). The relatively high amounts of aspartic acid (Asp), serine (Ser), and glutamic acid (Glu) indicate the use of egg, which has previously been determined from the identification of cholesterol in the neutral fraction of PCH05 [60] . These results suggest the use of a mixture of egg and a siccative oil as the pigment binder and the application of the paints onto a gypsum preparation layer presumably primed with an animal glue, as Pacheco's painting treatise recommends for a secco technique [16] . Currently, we are appling proteomic tools and mass spectrometry techniques to identify more accurately the proteinaceous binders, particularly in those samples that showed only traces of amino acids.
Conclusions
The use of a combination of analytical techniques (SEM-EDS, micro-Raman spectroscopy, FTIR-ATR, XRD, HPLC-DAD, and GC-MS) allowed us to characterize the pigments and binders as well as the painting technique in a mural painting of the eighteenth century church of San Andrés de Pachama in northern Chile. The painting palette comprises orpiment, vermilion, indigo, smalt, antlerite, hematite, a carmine lake, and a carbon-based black pigment. Antlerite, a copper sulfate hydroxide, is an uncommon pigment in the colonial palette and has previously been identified only in mural paintings in two colonial churches in Bolivia [4, 5] . Its identification in paints applied on masks that were found in an archeological site in the Tarapacá region in Chile reinforces its use as a pigment since pre-Hispanic times [48, 49] . The analytical results indicate a secco technique with the use of a mixture of linseed oil and egg as pigment binders. This study contributes to our knowledge on the Colonial chromatic palette, highlighting the use of smalt and particularly the precious cochineal lake as pigments in mural painting. At the same time, it significantly expands our understanding of the original painting technique in mural paintings from Andean churches near the Ruta de la Plata, during historical times. 
